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Abstract

Climate change is reshaping ecosystems worldwide, driving profound shifts in the distribution,
abundance, and seasonal dynamics of disease vectors including mosquitoes, ticks, and parasites. These
ecological transformations are expanding the geographical range of vector-borne diseases, intensifying
transmission dynamics, and creating unprecedented challenges for global health systems. This review
synthesizes current evidence on the relationship between climate-driven ecological change and
infectious disease patterns, with a focus on the implications for healthcare surveillance, diagnostics, and
treatment strategies.

The review first explores the ecological mechanisms through which rising temperatures, altered
precipitation patterns, and extreme weather events expand vector habitats and facilitate novel pathogen-
vector-host interactions. It then examines the epidemiological consequences, highlighting case studies
of malaria, dengue fever, Zika virus, Lyme disease, and schistosomiasis in different global regions. The
healthcare implications are critically analyzed, emphasizing the need for adaptive surveillance systems,
innovative diagnostic tools, and responsive treatment protocols that can anticipate shifting disease
burdens. Furthermore, the review considers socioeconomic and policy dimensions, including the
disproportionate impact of vector-borne disease expansion on resource-limited health systems and the
necessity of coordinated global health governance. Challenges such as data limitations, uncertainty in
predictive models, and healthcare system vulnerabilities are discussed, alongside opportunities for
leveraging climate-adaptive technologies and integrated vector management approaches.

By framing vector ecology as a critical interface between environmental change and human health, this
article underscores the urgency of proactive adaptation in healthcare systems. The review concludes
with forward-looking recommendations for enhancing resilience against the infectious disease risks of a
warming world, positioning climate-responsive healthcare as an essential pillar of global health
security.

Keywords: Climate change, vector ecology, infectious diseases, healthcare systems, lyme disease,
diagnostics, global health adaptation

1. Introduction

1.1 Climate Change as a Driver of Global Health Risk

Climate change is a global problem M. It has emerged as one of the most significant
determinants of human health in the twenty-first century. Rising global temperatures, shifting
precipitation patterns, and the increasing frequency of extreme weather events are
transforming the ecological balance of disease vectors and their associated pathogens 1. The
consequences extend far beyond environmental degradation, presenting complex challenges
for public health systems, particularly in regions already burdened by weak infrastructure
and limited resources 2. Vector-borne diseases, historically confined to specific climatic
zones, are now extending into new territories, threatening populations that previously had
little to no exposure or immunity I,

This shifting epidemiological landscape underscores the urgent need for healthcare systems
to adapt to ecological realities. Unlike non-communicable diseases, which primarily reflect
lifestyle and genetic predisposition, vector-borne diseases are intrinsically linked to
environmental conditions that influence vector survival, breeding, and pathogen transmission
[, Climate change alters these ecological parameters, thereby changing the risk profile for
entire populations. The expansion of mosquito-borne illnesses such as malaria and dengue
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into higher altitudes, or the northward spread of tick-borne
Lyme disease in temperate regions, exemplifies the
emerging threats &I,

1.2 The Concept of Shifting Vector Ecologies

Vector ecology refers to the study of how environmental
conditions, host availability, and pathogen dynamics interact
to shape the distribution and behavior of disease vectors [,
Under stable climatic conditions, vector species such as
Anopheles mosquitoes or Ixodes ticks are constrained by
temperature thresholds, rainfall regimes, and seasonal cycles
[ Climate change disrupts these constraints by creating
novel habitats, extending breeding seasons, and altering
interspecies competition (81,

This process, termed shifting vector ecologies, describes the
ongoing redistribution of wvector populations across
geographical and temporal scales . These shifts have
cascading effects, including the emergence of new vector-
pathogen interactions, the reactivation of dormant
transmission cycles, and the invasion of vectors into urban
environments 9. The phenomenon is particularly
concerning because it challenges existing public health
models that are built on static assumptions about vector
distribution and disease burden. Healthcare systems must
therefore anticipate a moving target, requiring adaptive
frameworks that integrate ecological science into disease
prevention and control (4,

1.3 Climate Change and Disease Transmission Dynamics
The transmission of vector-borne diseases is highly sensitive
to climatic variables. Temperature influences the extrinsic
incubation period of pathogens within vectors, often
accelerating transmission at higher temperatures [,
Rainfall creates breeding habitats for mosquitoes, while
droughts can drive human-vector interactions as both
compete for scarce water sources [3l. Extreme weather
events such as floods or hurricanes disrupt ecosystems and
health infrastructure, leading to outbreaks in previously
unaffected areas [,

These ecological changes amplify disease transmission
dynamics. For example, warmer temperatures in East Africa
have been linked to increased malaria transmission in
highland regions where cooler climates previously limited
vector survival 81, Similarly, dengue fever has surged in
South Asia and Latin America, partly due to climate-driven
expansion of Aedes aegypti mosquitoes [*¢l. Tick-borne
encephalitis in Europe has also expanded in range, reflecting
longer tick activity seasons facilitated by milder winters (7],
Such evidence illustrates how climate change is altering the
epidemiology of multiple diseases simultaneously, creating
a multifaceted health challenge.

1.4 Implications for Healthcare Systems

Healthcare systems are positioned at the frontline of
responding to climate-driven infectious disease threats.
However, most systems remain poorly equipped to address
the unpredictable and geographically diffuse nature of these
risks [*81. Surveillance mechanisms are often reactive rather
than anticipatory, diagnostics may lack sensitivity to
emerging pathogens, and treatment strategies are frequently
constrained by resource shortages [°. Moreover, public
health infrastructure is disproportionately weak in regions
most vulnerable to vector-borne diseases, such as Sub-
Saharan Africa and parts of Southeast Asia 2%,
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The expansion of vector-borne diseases requires healthcare
systems to embrace a paradigm shift from reactive outbreak
control to proactive resilience building 3. This entails
integrating climate and ecological data into surveillance
platforms, strengthening laboratory networks for rapid
diagnosis, and ensuring access to effective treatment
protocols even in peripheral regions 22, Importantly, health
policy must acknowledge the structural inequalities that
amplify vulnerability to climate change, including poverty,
weak governance, and inadequate healthcare financing 2,
Without systemic adaptation, the combined pressure of
climate change and infectious disease could overwhelm
fragile health systems, jeopardizing global health security.

1.5 Rationale and Objectives of the Review

The intersection of climate change, vector ecology, and
healthcare adaptation has become a focal point of
contemporary global health research. Yet, despite growing
recognition of the risks, gaps persist in synthesizing
ecological, epidemiological, and health system perspectives
into a coherent framework 4. This review addresses that
gap by critically examining how shifting vector ecologies
reshape disease transmission and what this means for the
organization, preparedness, and resilience of healthcare
systems.

Specifically, the review pursues five objectives. To begin
with, it examines the ecological mechanisms by which
climate change drives shifts in vector distribution and
disease risk. In addition, it analyzes epidemiological
evidence of climate-driven changes in malaria, dengue,
Lyme disease, and other vector-borne infections. The
discussion also assesses the implications for healthcare
systems in terms of surveillance, diagnostics, and treatment
capacity. Beyond this, it evaluates global and regional case
studies that illustrate these dynamics. Lastly, it provides
policy and practice recommendations for enhancing health
system resilience in the face of climate-driven infectious
disease threats.

By integrating ecological science with health systems
analysis, this review aims to contribute to the growing
discourse on climate change and global health, offering
evidence-based insights that can inform both research and
policy. Ultimately, it emphasizes the need for healthcare
systems that are flexible, anticipatory, and capable of

responding to the dynamic challenges of a warming world
[25]

2. Conceptual Foundations of Shifting Vector Ecologies
2.1 Defining Vector Ecology in the Context of Climate
Change

Vector ecology is concerned with the biological,
environmental, and social determinants that shape the
survival, reproduction, and distribution of organisms
capable of transmitting pathogens between humans or from
animals to humans [8. These vectors, which include
mosquitoes, ticks, sandflies, blackflies, and freshwater
snails, operate within complex ecosystems where climatic
variables exert profound influence 1. Under historical
climatic stability, vector distributions remained relatively
predictable, allowing healthcare systems to develop
geographically tailored control strategies [&. However,
climate change has disrupted these equilibria, creating novel
environments for vectors and expanding opportunities for
pathogen transmission 29,
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In this context, shifting vector ecologies can be defined as
the dynamic alteration of vector habitats, population
structures, and seasonal patterns in response to changing
climate conditions. These shifts are not linear; they interact
with other anthropogenic drivers such as urbanization,
deforestation, agricultural expansion, and globalization of
trade and travel [  Understanding these ecological
dynamics is foundational to predicting disease risks and
designing adaptive healthcare responses.

2.2 Climate Drivers of Vector Distribution

Temperature, precipitation, and humidity are the primary
climatic drivers that regulate vector distribution and
competence. Rising global average temperatures extend the
thermal niche of many vectors, enabling them to colonize
higher altitudes and latitudes previously unsuitable for
survival B, For instance, Anopheles mosquitoes, the
primary vectors of malaria, have been documented at
elevations exceeding 2,000 meters in East Africa, coinciding
with warmer microclimates 2. Similarly, the northward
spread of Aedes albopictus, a competent vector for dengue,
chikungunya, and Zika viruses, has been linked to milder
winters in Europe and North America 331,

Rainfall patterns also exert critical influence. Increased
rainfall creates abundant larval habitats for mosquitoes,
while drought conditions can concentrate vectors and hosts
around scarce water sources, intensifying transmission
potential 4, Humidity modulates vector survival by
reducing desiccation risk; thus, prolonged dry seasons can
reduce some vector populations, while intermittent rainfall
events may trigger explosive breeding cycles 3, Extreme
weather events such as cyclones, hurricanes, and floods
further compound these dynamics, displacing populations,
collapsing sanitation systems, and creating new ecological
niches for disease vectors 61,

2.3 Host-Pathogen-Vector Interactions under Climate
Stress

Vector-borne disease transmission relies on the interplay
between host susceptibility, pathogen replication, and vector
competence. Climate change alters all three components
simultaneously 7, Elevated temperatures can accelerate the
extrinsic incubation period (EIP) of pathogens within
vectors, allowing faster transmission cycles [, For
example, the EIP of Plasmodium falciparum shortens at
higher temperatures, increasing malaria transmission
potential ., Likewise, arboviruses such as dengue replicate
more efficiently within Aedes mosquitoes under warm
conditions, leading to heightened epidemic risk 10,

Host susceptibility is also influenced by climate-related
stressors, including malnutrition, displacement, and co-
infection with other pathogens “3. Communities affected by
floods, droughts, or food insecurity may exhibit weakened
immunity, compounding vulnerability to vector-borne
diseases *2. In addition, climate-induced biodiversity loss
can disrupt predator-prey relationships, reducing natural
controls on vector populations and facilitating pathogen
amplification (31,

These altered host-pathogen-vector dynamics increase the
likelihood of disease emergence in previously unaffected
areas. Moreover, novel interactions may lead to the spillover
of pathogens into human populations, raising concerns about
future pandemics originating from climate-driven ecological
changes 4,
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2.4 The Role of Urbanization and Land Use Change
While climate change is the dominant driver of shifting
vector ecologies, its interaction with human land use and
urbanization magnifies disease risks. Expanding urban
centers create microclimates characterized by higher
temperatures (urban heat islands) and abundant breeding
sites in poorly managed water storage systems . Aedes
aegypti, the primary vector for dengue, thrives in such
environments, explaining the explosive urban epidemics
observed in Latin America and Asia (6,

Deforestation and agricultural expansion further modify
vector habitats. The clearing of forests can expose human
populations to previously isolated vector-pathogen systems,
as seen in the increased incidence of malaria and
leishmaniasis in newly settled agricultural zones of the
Amazon basin ¥ Irrigation projects and hydroelectric
dams create stagnant water bodies that sustain mosquito and
snail  populations, facilitating  diseases such as
schistosomiasis 8. These anthropogenic modifications
often interact synergistically with climate change,
intensifying vector proliferation and disease spread [*1.

2.5 Ecological Niches and Vector Competence

The concept of ecological niches provides insight into how
vectors exploit environmental opportunities under climate
change. Each vector species has a fundamental niche
defined by temperature tolerance, breeding habitat
availability, and host accessibility 1. Climate change shifts
these niches, expanding potential habitats into regions where
vectors previously could not survive B4, The realized niche,
which reflects the actual distribution influenced by
competition, predation, and human intervention, is also
shifting as ecosystems reorganize under environmental
stress (%2,

Vector competence, the ability of a vector to acquire,
maintain, and transmit a pathogen — is likewise modulated
by climate factors. Even subtle temperature increases can
enhance or reduce competence depending on the vector-
pathogen system B3l For instance, higher temperatures
increase Aedes aegypti competence for dengue virus, while
extreme heat may suppress mosquito survival, reducing
overall transmission potential 4. These nonlinear
relationships complicate predictive modeling, underscoring
the need for interdisciplinary research linking ecology,
epidemiology, and climate science 5,

2.6 Conceptual Framework for Understanding Shifting
Vector Ecologies

A comprehensive framework for understanding shifting
vector ecologies must integrate climatic, biological, and
social dimensions. At its core, climate change provides the
environmental stressors that shift vector habitats and
behavior. These changes interact with anthropogenic drivers
such as urbanization, deforestation, and globalization to
amplify disease risks [°. The outcomes are mediated
through  complex  host-pathogen-vector interactions,
resulting in altered transmission dynamics and emerging
health threats.

This framework emphasizes the need for dynamic rather
than static approaches to public health. Traditional models
that rely on historical averages of vector distribution are
increasingly inadequate 71, Instead, predictive tools must
incorporate climate scenarios, land use projections, and
socio-economic vulnerability indices to anticipate future
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disease hotspots 8. For healthcare systems, this conceptual
foundation highlights the imperative of integrating
ecological intelligence into preparedness and response
strategies [,

3. Implications for Healthcare Systems

3.1 Healthcare Systems at the Frontline of Climate-
Driven Disease

Healthcare systems are the first line of defense against
emerging infectious diseases, yet they are increasingly
stressed by the unpredictability and intensity of climate-
driven outbreaks. Shifting vector ecologies mean that
diseases once geographically contained now emerge in
regions where healthcare providers lack prior experience,
diagnostic familiarity, or treatment capacity [%. For
example, the introduction of dengue in southern Europe has
challenged local hospitals unaccustomed to managing
arboviral epidemics [, Likewise, North American
clinicians have faced growing caseloads of Lyme disease
and West Nile virus, requiring new diagnostic competencies
and treatment pathways (621,

The frontline role of healthcare systems is compounded by
systemic vulnerabilities. Many low- and middle-income
countries (LMICs), particularly in Sub-Saharan Africa and
South Asia, already face shortages of healthcare workers,
inadequate laboratory infrastructure, and weak disease
surveillance systems [, Climate change exacerbates these
weaknesses, creating conditions where vector-borne disease
outbreaks can rapidly escalate beyond local capacity.

3.2 Surveillance
Mechanisms
Surveillance is the cornerstone of infectious disease
management, yet conventional systems are often reactive
and geographically bounded. Climate-driven shifts in vector
habitats demand surveillance models that are anticipatory,
flexible, and geographically expansive 4. Early warning
systems must integrate meteorological, ecological, and
epidemiological data to forecast outbreaks before they occur
[65]

For instance, climate-based malaria forecasting models in
East Africa have successfully predicted outbreaks by
correlating rainfall and temperature anomalies with
transmission  patterns [, Similarly, satellite-based
monitoring of vegetation and water bodies has been used to
anticipate Rift Valley fever outbreaks in livestock and
humans 61, Despite these successes, integration into routine
public health practice remains limited, often due to
technological, financial, and capacity constraints (¢,
Expanding surveillance capacity also requires community
engagement. Local populations often detect ecological
changes, such as increases in mosquito density, before
formal systems register them [%%, Incorporating community-
based reporting into national surveillance systems can
enhance sensitivity and timeliness of outbreak detection.

Systems and Early Warning

3.3 Diagnostic Challenges in a Changing Epidemiological
Landscape

Diagnostics play a pivotal role in confirming infections and
guiding treatment. However, shifting vector ecologies
introduce diagnostic uncertainties. Diseases may present in
areas where clinicians are unfamiliar with their symptoms,
leading to misdiagnosis or delayed diagnosis . For
example, chikungunya and dengue often mimic influenza-
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like illnesses, while Lyme disease may be mistaken for
autoimmune or neurological disorders [,

Laboratory infrastructure in many LMICs is inadequate for
the molecular diagnostics required to confirm emerging
infections "2, Even in high-income countries, diagnostic
tests may not be widely available or validated for newly
introduced pathogens 31, The reliance on serological cross-
reactivity further complicates diagnosis, as antibodies for
related pathogens can yield false positives [4],

To address these challenges, healthcare systems must invest
in point-of-care diagnostic tools that are affordable, rapid,
and adaptable to multiple pathogens [l Advances in
molecular technologies, including portable PCR and
CRISPR-based diagnostics, offer promising avenues for
strengthening frontline diagnostic capacity in both resource-
rich and resource-limited settings [61,

3.4 Treatment Strategies and Therapeutic Gaps

Shifting disease burdens place new demands on treatment
protocols. For malaria, the spread of vectors into highland
areas has increased caseloads in populations with low
immunity, requiring greater availability of antimalarial
drugs and healthcare staff trained in case management /7],
The spread of arboviruses such as dengue and chikungunya
into new regions has created therapeutic gaps, as treatment
is largely supportive and health facilities are often
unprepared for managing severe complications like dengue
hemorrhagic fever 78],

Drug resistance further complicates treatment strategies.
The emergence of artemisinin-resistant malaria in Southeast
Asia highlights the danger of overreliance on a narrow set of
therapies [°1. Similarly, vector control interventions such as
insecticides face diminishing returns due to widespread
resistance in mosquito populations €%,

Healthcare systems must therefore adopt integrated
treatment  strategies that combine pharmacological
interventions with vector control, community engagement,
and supportive care U, Research into new antivirals,
vaccines, and biologically based vector control methods
(e.g., Wolbachia-infected mosquitoes) is also critical to
closing therapeutic gaps [,

3.5 Health System Resilience and Equity Considerations
Resilience in healthcare systems refers to the capacity to
anticipate, absorb, and recover from shocks while
maintaining  essential  functions [, Climate-driven
infectious disease threats test this resilience by introducing
uncertainty and compounding existing pressures such as
workforce shortages, inadequate financing, and political
instability 184,

Equity is a central concern. Vulnerable populations,
including rural communities, displaced persons, and urban
poor, bear the brunt of climate-sensitive diseases due to
limited access to healthcare, poor housing, and inadequate
sanitation (851, For  instance,  schistosomiasis
disproportionately affects children in rural African
communities dependent on freshwater sources that serve as
snail habitats [, Without deliberate equity-focused
policies, climate change will widen health disparities both
within and between countries.

Healthcare systems must prioritize inclusive adaptation
strategies. These include strengthening primary healthcare
infrastructure, expanding universal health coverage, and
integrating climate-sensitive disease management into
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routine health services 7. International cooperation and
financing mechanisms, such as the Global Fund and WHO’s
Climate and Health initiatives, play a crucial role in
supporting LMICs to build resilience [,

3.6 Policy Integration and Cross-Sectoral Collaboration
Addressing climate-driven infectious disease risks requires
health systems to engage beyond the biomedical domain.
Effective  adaptation demands collaboration  with
meteorological ~ services,  environmental  agencies,
agricultural sectors, and urban planners 9. For example,
coordinated interventions such as integrated vector
management (IVM) combine health sector efforts with
environmental management, community participation, and
agricultural practices to reduce vector breeding sites 0,

At the policy level, climate change must be mainstreamed
into national health strategies. Few countries currently
integrate climate scenarios into their health planning,
leaving them ill-prepared for shifting disease burdens 4,
Multilateral agreements such as the Paris Agreement and the
Global Health Security Agenda provide frameworks for
aligning climate and health goals, but their translation into
actionable national strategies remains uneven 2,

Healthcare systems can benefit from adopting a “One
Health” approach that recognizes the interconnectedness of
human, animal, and environmental health %, By fostering
cross-sectoral  collaboration, such  frameworks can
strengthen the adaptive capacity of health systems in the
face of ecological disruption.

4. Global and Regional Case Studies: Climate Change
and Vector-Borne Disease Expansion

4.1 Malaria in Sub-Saharan Africa and Highland
Regions

Malaria remains one of the most climate-sensitive vector-
borne diseases, with Anopheles mosquitoes highly
dependent on temperature, humidity, and rainfall patterns
for their survival and reproduction [*4. Traditionally
confined to lowland tropical and subtropical areas, malaria
transmission has expanded into highland regions of East
Africa, including Ethiopia, Kenya, and Uganda, where
cooler climates previously limited vector populations %,
Warming temperatures in these regions have allowed
Anopheles mosquitoes to establish viable populations above
2,000 meters, leading to increased malaria incidence among
populations with little prior exposure and limited immunity
[91 Qutbreaks in the Kenyan and Ethiopian highlands have
been strongly correlated with anomalous temperature and
rainfall patterns linked to climate variability 71,

The healthcare implications are profound. Highland
populations often lack the infrastructure and clinical
expertise to manage malaria, resulting in higher mortality
rates compared to endemic lowland regions 81, Health
systems in these areas face sudden surges in caseloads,
straining resources such as antimalarial drugs, diagnostic
kits, and inpatient facilities. Adaptive strategies, including
climate-informed malaria early warning systems and
expansion of vector control interventions into highland
zones, have shown promise in mitigating these risks [*1,

4.2 Dengue Fever and Urban Expansion in Asia and
Latin America

Dengue fever, transmitted primarily by Aedes aegypti and
Aedes albopictus, has become the most widespread arboviral

https://www.biologyjournal.net

disease globally, with over 3.5 billion people at risk 10,
Rising temperatures, erratic rainfall, and urbanization have
driven dengue’s expansion into new regions, including
previously unaffected parts of Asia, Latin America, and
even southern Europe [0,

In South Asia, climate variability has intensified dengue
epidemics, with India, Bangladesh, and Sri Lanka reporting
unprecedented outbreaks in recent decades %2, Similarly,
Latin American cities such as Rio de Janeiro, Caracas, and
San Salvador have seen recurrent epidemics, fueled by
inadequate water management, poor waste disposal, and
rapid urban growth (2031,

The spread of dengue into southern Europe highlights its
global reach. Aedes albopictus, once restricted to Asia, has
colonized Mediterranean countries including Italy, France,
and Spain, supported by warmer winters and increased
international trade [°. Autochthonous transmission of
dengue in these countries has signaled the erosion of
traditional geographic boundaries of the disease 1%,
Healthcare systems face significant challenges managing
dengue epidemics. Overcrowded hospitals during outbreaks
struggle with case triage, particularly for severe forms such
as dengue hemorrhagic fever [, Furthermore, the absence
of widely available vaccines and reliance on vector control
underscore the urgent need for healthcare adaptation.
Integrating climate and entomological data into dengue
forecasting models has shown potential for improving
outbreak preparedness (1071,

4.3 Lyme Disease Expansion in Europe and North
America

Tick-borne Lyme disease, caused by Borrelia burgdorferi
and transmitted by Ixodes ticks, provides another example
of shifting vector ecologies under climate change. In North
America, Lyme disease has expanded northward into
Canadian provinces such as Ontario, Quebec, and Manitoba,
as milder winters extend tick activity seasons %I, Similar
patterns have been documented in Europe, where longer
growing seasons and warmer winters have facilitated the
spread of Ixodes ricinus ticks into higher latitudes and
elevations 1109,

These ecological shifts have led to significant increases in
Lyme disease incidence. In the United States, reported cases
have more than doubled over the past two decades, with
expansion into areas previously considered low-risk 19, In
Europe, high-incidence regions include Scandinavia,
Germany, and Eastern Europe, reflecting both ecological
and behavioral drivers such as outdoor recreational activities
[111]

Healthcare systems face unique diagnostic and treatment
challenges with Lyme disease. Its early manifestations,
including fever, fatigue, and rash, are often nonspecific,
leading to misdiagnosis [**2. In areas where Lyme was
historically absent, clinicians may lack familiarity with its
clinical spectrum, resulting in delayed treatment 3. Public
health agencies in Canada and Europe have expanded
awareness campaigns and enhanced tick surveillance
programs, but diagnostic uncertainty and controversies
around chronic Lyme disease continue to strain healthcare
systems [124],

4.4 Schistosomiasis in Africa: Water Infrastructure and
Climate Interactions

Schistosomiasis, caused by parasitic trematodes transmitted
by freshwater snails, exemplifies how climate change
interacts with human infrastructure to shape disease risk
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[11%  Rising temperatures and altered rainfall patterns
influence snail habitats, while water development projects
such as dams and irrigation schemes create favorable
environments for intermediate hosts [126],

The construction of large dams in Africa, including the
Aswan High Dam in Egypt and the Diama Dam in Senegal,
has been linked to surges in schistosomiasis prevalence due
to the proliferation of snail breeding habitats [**7], Climate
variability, including prolonged rainy seasons and flooding,
exacerbates these trends by expanding snail habitats and
facilitating parasite transmission [11€],

Healthcare systems in affected regions struggle with
diagnosis and treatment, as schistosomiasis is often chronic
and associated with poverty, limited access to clean water,
and weak sanitation infrastructure [l Mass drug
administration with praziquantel remains the cornerstone of
control, but reinfection rates are high, and integration of
snail control, water management, and climate adaptation
strategies is urgently needed [*201,

4.5 Zika Virus and Global Health Security

The emergence of Zika virus in the Americas during 2015-
2016 highlighted how climate change, globalization, and
vector ecology converge to create novel public health crises
(121 Transmitted by Aedes aegypti, Zika spread explosively
across Brazil, Colombia, and other Latin American
countries, eventually reaching North America and parts of
Europe [?2. The epidemic was associated with severe
congenital outcomes, including microcephaly, underscoring
the far-reaching healthcare implications 11231,

Climatic factors, including elevated temperatures and
rainfall anomalies linked to El Nifio events, facilitated the
expansion of Aedes populations and accelerated viral
transmission 1?4, The epidemic overwhelmed healthcare
systems in Brazil, where maternal and child health services
struggled to cope with the surge in congenital abnormalities
[125]

The global spread of Zika also exposed weaknesses in
international health governance. Despite early warnings,
response coordination was delayed, and diagnostic
limitations hampered rapid identification of cases %, The
epidemic highlighted the necessity of integrating climate-
sensitive vector surveillance into global health security
frameworks.

5. Challenges and Future Directions

5.1 Data Limitations and Uncertainty in Predictive
Models

One of the foremost challenges in anticipating climate-
driven disease risk lies in data scarcity and uncertainty.
Accurate predictions of vector distribution require long-term
climate records, detailed entomological surveys, and reliable
epidemiological data 1?71, Yet, many regions most
vulnerable to climate-sensitive diseases, particularly Sub-
Saharan Africa and parts of Southeast Asia, lack systematic
vector surveillance and disease reporting systems (1281,
Predictive models are further constrained by the complexity
of host-pathogen-vector interactions. Nonlinear responses to
temperature and rainfall mean that small climatic shifts can
yield disproportionate changes in transmission 2, Models
often fail to account for social and behavioral variables such
as human migration, land use changes, and adaptive vector
control measures, limiting their practical applicability for
public health planning 1139,
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Investing in robust data systems that integrate climate,
ecological, and health indicators is essential for improving
model accuracy. Remote sensing technologies, big data
analytics, and artificial intelligence offer opportunities to fill
data gaps, but their implementation requires significant
financial and technical resources 134,

5.2 Weaknesses in Health Infrastructure

Healthcare systems, particularly in low- and middle-income
countries, often lack the infrastructure to absorb climate-
driven disease burdens 1%2. Limited laboratory capacity,
inadequate supply chains for medicines, and shortages of
trained personnel constrain timely diagnosis and treatment
(1331 Health facilities in climate-vulnerable regions are also
at direct risk of damage from extreme weather events,
further undermining resilience 34,

The mismatch between rising disease burdens and stagnant
investment in health infrastructure widens inequities in
health outcomes. While high-income countries may adapt by
expanding diagnostic panels and updating clinical training,
resource-limited systems remain reactive, often responding
to crises after outbreaks have already escalated [1%,
Building resilient health infrastructure requires not only
material investment but also systemic reforms to integrate
climate risks into health system design and financing 36,

5.3 Financing and Resource Constraints

Adaptation to climate-driven disease expansion is resource
intensive. Investments are required for surveillance systems,
laboratory networks, workforce training, and climate-
informed health planning M%7, Yet, many governments
prioritize short-term economic development over long-term
resilience, resulting in chronic underfunding of public health
[138]

International financing mechanisms, such as the Global
Fund, Gavi, and the Green Climate Fund, have begun
incorporating climate-sensitive health initiatives, but
funding remains fragmented and insufficient relative to the
scale of the threat [**, Private sector engagement in climate-
health adaptation has been limited, despite opportunities for
innovation in diagnostics, pharmaceuticals, and vector
control technologies (149,

Future financing strategies must align climate adaptation
and health system strengthening agendas, ensuring that
funds are channeled to the most vulnerable populations.
Innovative financing models, including climate-health bonds
and insurance schemes, may provide additional avenues for
resource mobilization (1411,

5.4 Governance and Policy Gaps

Despite recognition of climate change as a health risk
multiplier, few countries have fully integrated climate
scenarios into their national health policies 2, Most health
ministries operate independently of meteorological,
agricultural, and environmental agencies, leading to
fragmented responses (431, Global governance frameworks
such as the Paris Agreement acknowledge health co-benefits
of climate mitigation, but concrete guidance for
operationalizing health adaptation remains limited 441,

At the regional level, cross-border cooperation is often
weak, despite the transnational nature of vector-borne
diseases 1431, The spread of malaria across East African
highlands or dengue across Latin America illustrates how
porous borders undermine unilateral adaptation strategies.
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Regional health bodies and multilateral platforms must
therefore prioritize climate-sensitive infectious disease
management as part of collective security (1461,

5.5 Equity and Disproportionate Burdens

Climate-driven shifts in vector ecology disproportionately
impact marginalized communities. Poor housing, inadequate
sanitation, and limited access to healthcare exacerbate
vulnerability to diseases such as dengue, schistosomiasis,
and malaria 71, Climate change also intensifies gender
inequities, as women and children often bear greater
caregiving responsibilities and are more exposed to
waterborne and vector-borne risks in domestic and
occupational settings (1481,

The displacement of populations due to climate disasters
creates additional vulnerabilities. Refugee camps and
informal settlements frequently lack adequate vector control
or healthcare services, making them hotspots for outbreaks
(149 Without deliberate equity-focused adaptation policies,
climate change will deepen existing health disparities
between and within countries 5],

5.6 Research and Innovation Needs

Significant research gaps hinder effective adaptation to
shifting vector ecologies. These include limited
understanding of pathogen evolution under climate stress,
insufficient knowledge of multi-pathogen interactions
within vectors, and inadequate evidence on the effectiveness
of integrated adaptation strategies 54,

Innovation will be critical in bridging these gaps. Advances
in genetic technologies, such as CRISPR-based gene drives
to reduce mosquito populations, hold potential but raise
ethical and ecological concerns [%2,  Climate-adaptive
vaccines and antivirals are urgently needed, particularly for
dengue, chikungunya, and other emerging arboviruses %31,
Digital health platforms that integrate climate and disease
surveillance data offer promising tools for anticipatory
action (1541,

Collaborative research involving ecologists,
epidemiologists, climate scientists, and health system
experts is essential to generate actionable evidence. Building
research capacity in vulnerable regions should be prioritized
to ensure that adaptation strategies are locally relevant and
sustainable (557,

5.7 Future Directions: Toward Climate-Responsive
Healthcare

The way forward requires reimagining healthcare systems as
climate-responsive institutions. This means embedding
ecological intelligence into routine health planning,
strengthening adaptive capacity across all levels of care, and
promoting multisectoral collaboration (1581,

Three priorities stand out. First, predictive capacity must be
enhanced through integrated surveillance systems that
combine climate, ecological, and health data 571, Second,
healthcare infrastructure must be climate-proofed, ensuring
resilience to both disease burden shifts and direct climate
shocks [ Third, global solidarity in financing,
governance, and knowledge sharing must be strengthened to
reduce inequities and ensure that the most vulnerable are not
left behind (591,

In a warming world, shifting vector ecologies will remain a
defining challenge for global health. Healthcare systems that
embrace resilience, adaptability, and innovation will be
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better positioned to protect populations from the complex
risks of climate-driven infectious disease [16%,

6. Conclusion

Climate change is not only reshaping the natural
environment but is also redefining the boundaries of
infectious disease risk. By altering temperature, rainfall, and
ecological stability, it has expanded the habitats of vectors
such as mosquitoes, ticks, and snails, thereby accelerating
the spread of diseases like malaria, dengue, Lyme disease,
schistosomiasis, and Zika. These shifting vector ecologies
underscore the fragile relationship between environmental
change and human health. The review has demonstrated that
the impact of climate change on vector-borne diseases is
multidimensional, encompassing ecological,
epidemiological, and healthcare system perspectives.

The evidence reviewed highlights that climate-driven
disease expansion presents challenges on several fronts.
Ecologically, vectors are exploiting new niches, with novel
host-pathogen interactions emerging under climatic stress.
Epidemiologically, diseases are appearing in populations
with little prior exposure, leading to greater morbidity and
mortality. For healthcare systems, this translates into rising
caseloads, diagnostic uncertainty, and treatment gaps,
compounded by structural weaknesses in low- and middle-
income countries. These pressures collectively test the
resilience of global health systems, threatening to reverse
hard-won gains in infectious disease control.

The review also illustrates that healthcare systems cannot
remain static in the face of dynamic climate threats.
Surveillance must move from reactive detection to
anticipatory intelligence that integrates ecological and
climatic data. Diagnostics must evolve to manage diseases
in new geographic contexts, while treatment strategies
require both pharmacological innovation and community-
level interventions. Most importantly, resilience must be
embedded at every level of health systems, from primary
care facilities in rural Africa to tertiary hospitals in Europe
and North America.

Case studies from diverse regions reveal that while the
threats are global, the impacts are uneven. Malaria in East
African highlands, dengue in South Asia and Latin America,
Lyme disease in temperate regions, and schistosomiasis in
African river basins each reflect the local expression of a
global phenomenon. These examples highlight the need for
region-specific strategies that are nonetheless informed by
global solidarity and shared learning. The Zika epidemic
further reminds us that vector-borne diseases in a warming
world are not only health crises but also social, economic,
and political challenges that demand coordinated
international action.

Several challenges persist, including gaps in surveillance
data, limited predictive capacity, weak health infrastructure,
and chronic underfunding of public health systems. Equity
remains a central concern, as the brunt of climate-sensitive
diseases  falls  disproportionately on  marginalized
communities with the least adaptive capacity. Addressing
these challenges requires integrated strategies that bridge
ecology, health, and policy.

Looking forward, three imperatives emerge for healthcare
adaptation. First, predictive systems must be strengthened,
leveraging advances in remote sensing, artificial
intelligence, and ecological modeling to forecast disease
risk. Second, healthcare infrastructure must be climate-
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resilient, capable of withstanding both epidemiological
shocks and direct climate hazards. Third, equity and
solidarity must guide global health governance, ensuring
that vulnerable populations and resource-limited health
systems receive adequate support.

In conclusion, shifting vector ecologies represent one of the
most visible manifestations of climate change’s impact on
health. By reshaping the epidemiology of infectious
diseases, they compel healthcare systems to evolve toward
resilience, adaptability, and innovation. Meeting this
challenge requires a paradigm shift in how health systems
engage with  environmental change, emphasizing
anticipation rather than reaction, prevention rather than
crisis  management, and integration rather than
fragmentation. If pursued with urgency and commitment,
climate-responsive healthcare can become a cornerstone of
global health security in the twenty-first century.
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